INTRODUCTION
Learning to generalize sets of visual stimuli into categories is a valuable cognitive ability for everyday exploratory behavior because it allows individuals to estimate whether newly encountered objects or other stimuli are useful or desirable, or threatening, by accessing associations from past experience without having to learn each object from scratch. Single neuronal recording experiments show that LPFC neurons show category specific selectivity (Freedman et al., 2001 (Freedman et al., , 2002 , which have led to suggestions that LPFC might play a critical role in learning and reacting to stimuli according to their category assignments (Ashby and Spiering, 2004) , e.g., dogs are friendly and cats less so. However, humans with inferior temporal cortex, but not LPFC damage, have agnosias for visual categories (Gainotti, 2000) , leading to the conclusion that inferior temporal cortex, but not LPFC, is necessary for category formation. These different ideas expose a gap in our understanding of how category processing occurs in the brain.
A critical test of whether LPFC is essential for learning about visually generalizable categories and assigning objects into them correctly has been difficult to carry out with monkeys. The training has been slow, taking months to teach monkeys to indicate which category an object fell into, and complicated-the tasks used had both perceptual categorization and a choice of actions. Typically, monkeys were taught to report their perception by associating different actions with each perceptual category (Sigala and Logothetis, 2002) , e.g., look left for category A and right for category B. Both ablation and single-neuron recording suggest that LPFC is important for action-selection processes such as choosing between alternative actions or performing sequences of actions ending in reward Miller and Cohen, 2001; Moore et al., 2009; Petrides, 1995; Tanji and Hoshi, 2008) . Therefore, to carry out a critical test it seemed essential to isolate the perceptual from action selection requirements.
Here, we adapt an approach from our earlier work studying incentive values in monkeys (Minamimoto et al., 2009 ). The monkeys are only taught one simple stimulus-response activity; release a bar after a red light turns green. The accuracy with which monkeys perform the red-green color discrimination depends on the value of the predicted forthcoming reward, that is, the discrimination would be done with few errors in trials with a valuable reward, and there would be more errors when the reward was less valuable. In our task, a visual cue presented at the beginning of a trial indicates the reward value when the redgreen discrimination is performed correctly. Normal monkeys begin using the visual cues to adjust their performance level in red-green discrimination trials within a few trials of the cues first appearing.
Because it has long been known that monkeys with large LPFC lesions remain sensitive to reward value (Butter et al., 1963) , and, even though they have difficulty with learning sequences of actions and choices between different actions (Moore et al., 2009; Petrides, 1995) , they have little or no deficit in simple visual discriminations (Bachevalier and Mishkin, 1986; Rushworth et al., 1997) . These earlier results made it seem likely that monkeys with LPFC lesions would perform our task. We hypothesized that we could alter the cues to make inferences about both normal and lesioned monkeys' visual sensitivity. In our earlier studies, a single cue was related to each reward value. Here, in each trial we used a member of a visually generalizable category, where the category signaled the incentive value. Normal and monkeys with large LPFC ablations monkeys quickly adjust their performance level according to the values signaled by the categories, showing that the categories are being learned and generalized across perceptually appropriate stimuli.
RESULTS AND DISCUSSION
Four monkeys were trained to release a lever when a spot changes from red to green, a process that was completed within a few weeks ( Figure 1A ). After this training, a second visual stimulus, a cue, was presented behind the spot throughout each trial. Each cue indicates the incentive value of the reward delivered after a correct response to the green spot (e.g., 2 drops of juice immediately or 1 drop after 7 s). The monkey's prediction of the upcoming incentive value is reflected in both reaction time and error rate, where an error was either releasing the bar too early or too late.
We initially used two black and white patterns as cues ( Figure 1B) . As expected based on our previous work (Minamimoto et al., 2009 ), the error rates in low-incentive trials were significantly higher than in high-incentive trials (paired t test, p = 0.005; Figure 2A ), even though there is no requirement to use or even notice the cues. When we replaced the two discrete black and white visual cues with two categories of visual cues (e.g., 20 dogs = high incentive; 20 cats = low incentive; Figure 1B , middle, and see Figure S1 available online), the error rates for each of the two categories quickly became different and by the end of the first session were indistinguishable from those with the black-white pattern cues (two-way ANOVA; main effect of incentive on error rates, F (1, 15) See also Figure S1 .
We carried out two controls to be sure that the monkeys were forming generalizable categories rather than discriminating some specific feature. To be sure that the monkeys were not using one category only in an ''A, not A'' strategy, we carried out control experiments showing that the monkey easily learned three categories (see Figure S2 ). Second, we also exposed the monkeys to two sets of stimuli with random black and white pixels. As expected, the monkeys did not learn to distinguish these in the first four sessions ( Figure S3 ). Thus, if the stimuli are not part of generalizable stimulus set, the monkeys do not seem to learn them quickly (although if given enough practice the monkeys might have learned them).
After 4 days of testing using a category set (e.g., dogs/cats) each of the four monkeys was then given a bilateral removal of LPFC (Figures 1C and 1D) . This large removal of the prefrontal cortex had no effect on either performance accuracy (error rate) or quickness (reaction time for bar release; Supplemental Experimental Procedures) with the pattern cues (two-way ANOVA; main effect of incentive on error rates, F (1, 15) = 520; p < 0.001; main effect of treatment on error rates, F (1, 15) = 2.1, p = 0.24; interaction, F (1, 15) = 6.7, p = 0.08 [ Figures The performance for distinguishing the previously learned categories between the last prelesion session and the first postlesion session did not change either (two-way ANOVA; main effect of incentive on error rates, F (1, 15) = 28.6, p = 0.01; main effect of treatment on error rates, F (1, 15) = 1.9, p = 0.26; interaction, F (1, 15) = 3.0, p = 0.17 [Figures 2B and 2D] ; main effect of incentive on reaction time, F (1, 15) = 51.7, p < 0.01; main effect of treatment on reaction time, F (1, 15) = 1.6, p = 0.29; interaction, F (1, 15) = 6.1, p = 0.09 [ Figure S4B , session 4, and Figure S4D , session 1]).
We tested whether the monkeys would classify trialunique exemplars from each category ( To test whether monkeys with LPFC removals can still learn new categories and generalize them, two new categorical cue sets were presented (e.g., cars/trucks). Categorical behavior emerged within the first session, just as it had prior to LPFC ablation (two-way ANOVA; main effect of incentive on error rates, To quantify the extent to which the monkey treated the members within a categorical set as equivalent and the members across categories as different, we carried out a stimulus-by-stimulus receiver operating characteristic (ROC) analysis. We defined a motivation index for each trial (1/reaction time in successful trials, 0 in error trials). Using the distributions of the motivation index for each of the individual cue stimuli ( Figures 3A and  3B) , we estimated the probability that an ideal observer could distinguish one cue from each of the others when forced to choose (Green and Swets, 1966; Shima et al., 2007) (ROC value; Figure 3C ; see Experimental Procedures). In the first prelesion session, categorical behavior had not become fully established yet (Figure 3C , left; median dog-cat ROC value is less than 0.7; Figure 3D ), although the error rates were significantly different (Figure 2 ). By prelesion session 3, dogs and cats were almost perfectly distinguished (ROC value is higher than 0.8 in over 75% of the cases; Figure 3D ), whereas dogs were all treated the same (relative to cats), and cats were all treated the same (relative to dogs; median ROC value is less than 0.6 for dog-dog and cat-cat; Figure 3D ). The postlesion sessions with both learned and new categories showed the same distinctions as seen in prelesion session 4 ( Figures 3B-3D , right-middle and right). Therefore, bilateral LPFC removals cause no loss in sensitivity to the categories.
We also examined the speed of learning. Figures 4A-4C show cumulative number of errors as the task progressed for each incentive condition. For the first prelesion session, the monkey started to differentiate behaviorally between dogs and cats at the end of the first block, (Figure 4A ). The difference achieved significance at the end of second block, when the monkey had experienced each stimulus twice (c 2 = 5.8, df = 1, p = 0.015).
Error rates were also significantly different at the end of the
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Visual Categorization without LPFC second block in the first postlesion session for the same category (c 2 = 14.2, df = 1, p < 0.001; Figure 4B ), as well as in the first postlesion session of the new category (i.e., cars/trucks; c 2 = 9.5, df = 1, p < 0.01; Figure 4C ). To examine the speed of learning across monkeys further, we performed an ROC analysis. The ROC values were calculated for blocks, with each block consisting of a sequence of trials in which the monkey experiences the associations between each member of the cue sets and incentive condition once (i.e., 40 correct trials + error trials). In the first prelesion session, the ROC value rose over the six blocks, and reaching the same values as seen at the ends of the second and third sessions (asymptotic value about 0.75 in the four sessions; Figure 4D ). The postlesion ROC values reach asymptotic values from the first block for learned categories ( Figure 4E ). Following LPFC removal the average ROC value for the new categories approached the asymptotic value after the about the same amount of testing as it did in the intact animals ( Figure 4F ). Thus, bilateral LPFC ablations have no effect on the speed of the categorization learning. Our approach here is new, so we enumerate four sets of evidence supporting our conclusion that the monkeys learn these generalizable perceptual categories, quickly and apparently effortlessly. First, the monkeys learned to distinguish the two categories quickly, always within one testing session. Second, the monkeys learned to react differentially to three categories just as easily as they did for two categories. Third, the monkeys were unable to learn to distinguish between randomly generated stimuli that were assigned to categories arbitrarily. Finally, for the gold standard, the monkeys correctly assigned stimuli that were presented only once in one testing session, i.e., that is trial unique stimuli. Thus, the evidence that the monkeys are learning to generalize across stimuli into categories seems strong.
When a choice task is used to obtain a perceptual report two steps are needed. First perceptual differences must be appreciated, i.e., a cat looks different than a dog. Then, the correct action must be selected, e.g., if dog, look right, if cat, look left. Neurons in LPFC show visual categorization-selective activity when category-rule based action selection is required (Freedman et al., 2001 (Freedman et al., , 2002 . This association of category with selection of action requires a type of behavioral decision process in which LPFC is likely to be involved Miller and Cohen, 2001; Tanji and Hoshi, 2008) . Inactivation or ablation of the ventral bank of principal sulcus or inferior convexity of LPFC causes a deficit of rule-based selection of action Hoshi et al., 2000; Rushworth et al., 1997) . Our approach here minimizes the role of rule-based selection of action (the animals learn only one type of stimulusresponse contingency), and, under this condition, monkeys learn and use categorical information quickly and generalize it apparently effortlessly. Overall our results strongly indicate that LPFC plays little or no role in perceptual categorization and stimulus generalization. Our interpretation is still consistent with earlier findings that LPFC is important for adjusting action strategies in response to shifts in perceptual categorical boundaries. Our results emphasize the importance of separating the perceptual aspect of category formation from the means of reporting the perception so that influences of these different steps can be best interpreted.
Our results raise the question of which brain areas are essential for learning and generalizing perceptual categories. Inferior temporal cortex (area TE) is important for pattern recognition, and generalization of individual faces and single objects to new views (Weiskrantz and Saunders, 1984) . Single neuron activity within TE reflects stimulus identity rather than categorical information (Baker et al., 2002; Freedman et al., 2003; Kiani et al., 2007; Sigala and Logothetis, 2002; Vogels, 1999) . Two other candidate regions in the temporal lobe are rhinal cortex and hippocampus. Damage to the rhinal cortex (Liu et al., 2000) and/or downregulation of the D2 dopamine receptor in this area (Liu et al., 2004) are likely to interfere with the learning seen here. Neurons in the hippocampus respond similarly to images belonging to a category (Hampson et al., 2004) . In any case, if one takes a hierarchical view, our results strongly indicate that visual categorization occurs at some earlier stage of feed-forward processing, presumably in temporal cortex, without the top-down information from LPFC.
EXPERIMENTAL PROCEDURES Subjects
Four adult (6-11 kg) rhesus monkeys were used in this study. All the experimental procedures were carried out in accordance with the ILAR Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and Use Committee of the National Institute of Mental Health.
Stimuli
All visual stimuli were jpeg or pcx image files (200 3 200 pixels) displayed on a LCD monitor (800 3 600 pixels resolution). We used three types of visual stimuli (cues, Figure 1A ) in this study: white and black patterns, natural category (animals), and nonnatural category (vehicles). Pattern cues were constructed as two different patterns of black-white bricks ( Figure 1B, top) . Natural categories consisted of dogs and cats ( Figure 1B , middle, and Figures S1A and S1B). Nonnatural categories consisted of cars and trucks ( Figures  S1C and S1D ). Natural and nonnatural images were obtained from the Internet. The background of the original images was removed and the size of the all images was adjusted to 200 3 200 pixels by using photo editor software (Adobe Photoshop CS2).
Behavioral Procedures
For all behavioral training and testing, each monkey squatted in a primate chair inside a sound-attenuated dark room. Visual stimuli were presented on a computer video monitor in front of the monkey. Experimental control and data acquisition were performed using the REX program (Hays et al., 1982) . During the testing period, monkeys' liquid intake was controlled to ensure adequate motivation to perform the behavioral tasks while maintaining a healthy body weight. Monkeys were tested five days/week with each daily session continuing until the monkey spontaneously stopped working and failed to initiate a new trial. The number of daily correct trials was 534 ± 110 (mean ± SD). We used a modified version of a reward-delay task, which has been previously described in detail (Minamimoto et al., 2009) . A monkey initiated a trial by touching the bar in the chair, 100 ms later a visual cue (13 on a side), which will be described below, was presented at the center of the monitor. After 500 ms, a red target (0.5 on a side) also appeared at the center of the monitor. After a variable interval of 500, 750, 1000, 1250, or 1500 ms, the target turned green, indicating that the monkey could release the bar to earn a liquid reward. If the monkey responded between 200 and 1700 ms, the target turned blue, indicating the trial had been completed correctly. On correct trials, either a large amount liquid reward (ca. 0.5 ml) was delivered immediately (0.3 ± 0.1 s; ''high incentive'') or small reward (ca. 0.25 ml) was delivered after a noticeable delay (7.2 ± 1.2 s; ''low incentive''). An intertrial interval (ITI) of 1 s was enforced before the next trial could begin. If the monkey made an error by releasing the bar before the green target or within 200 ms after the green target appeared or failed to respond within 1.7 s after the green target, all visual stimuli disappeared, the trial was terminated immediately, and, after the 1 s ITI, the trial was repeated. Within a testing session, trials of the two incentive conditions were presented in a pseudorandom order with equal probability. In each trial, a visual cue was presented at the beginning of each color-discrimination trial (500 ms prior to the red target appearing; Figure 1A ). There were two main types of cueing conditions: the pattern-cue condition and the categorical cue condition ( Figure 2B ). In the pattern cue condition, each of two black and white pattern cues was associated with each of two incentive conditions. In the categorical cue condition, for most testing a group of 20 stimuli (20 dogs, 20 cats, 20 cars, 20 trucks) was associated with each of two incentive conditions. In this condition, 40 successful trials consisted a block, in which each of 40 stimuli (i.e., 20 stimuli 3 2 categories) was presented once. To address the concern that the monkeys learned to associate the two incentive conditions with the 20 individual stimuli used for training and test rather than generalizing to categorical assignment, we presented trial-unique exemplars of each category in one testing session. In the categorical cue condition, dogs and cars were associated with the high-incentive condition whereas cats and trucks were associated with the low-incentive condition. It is important to note the monkey was never explicitly required to notice these incentive cues, receiving a reward depended only on responding after the red-to-green transition of the target. A third cueing condition using random dots was carried out as a control (see main text and Figure S3) .
The monkeys were initially tested in the pattern cue condition until they consistently showed different error rates between the two incentive conditions throughout a session (18-27 sessions) . The monkeys were then tested in the categorical cue condition for four sessions (two monkeys with natural category cues the other two with nonnatural category cues). Upon completing the four testing sessions, all four monkeys were given LPFC lesions followed by a recovery period. They were then retested in the pattern cue condition for 2-4 sessions to both get them acclimated to working again, and to determine if their behavior still distinguished between the cues. After this, they were tested with categorical cue conditions for 3 sessions with the same cues as presented preoperatively (learned cue set) and then tested for a single session using trial-unique exemplars. To determine whether they could learn new categories they were again tested in the categorical condition but with a new category cue for 3 sessions (nonnatural or natural category). Three out of four monkeys were then tested by trial-unique exemplars from the same category for a session.
Data Analysis and Statistics
All data and statistical analyses were performed using the R statistical computing environment (R Development Core Team, 2004) . The average error rate and reaction time for each incentive condition was calculated for each daily session, with the error rates in each trial type being defined as the number of error trials divided by the total number of trials of that given type. A trial was considered an error trial if the monkey released the bar either before or within 200 ms after the appearance of the green target (early bar release) or failed to respond within 1.7 s after the green target (late bar release). In each correct trial, the reaction time was defined as the time elapsed between the appearance of the green target and the bar release. Thus, reaction times were restricted to a range of 200-1700 ms. Error trials caused by bar releases occurring in the 100 ms between the beginning of each trial (bar touch) and the appearance of the visual cue were not included in the calculation of the error rates.
To examine the monkeys' ability of category discrimination on a trial-by-trial basis, we defined a motivation index based on the monkeys' performance, i.e., reaction time and error, as follows:
where RT is reaction time on the trial. Accordingly, the motivation index ranged from 0 to 0.005. This definition treats the errors as being equivalent to an infinite reaction time, a convention adopted for analytic convenience. For each categorical cue, the population of motivation index values was created from the trials assigned by the cue (cf. Figure 3A) . Receiver operating characteristic (ROC) analysis was subsequently performed on combination of two populations. The area under the ROC curve (ROC value) ranges from 0.5 (null discrimination) to 1 (perfect discrimination) (cf. Figure 3C ). Average ROC values for within category discrimination (e.g., dogs versus dogs and cats versus cats) and for between categories were calculated (cf. Figure 3D ). For the block-by-block analysis, populations of motivation index were created from every 20 successful trials with error trials for each low-and high-incentive condition (i.e., one block). ROC values were calculated subsequently on a block-by-block basis and were averaged across monkeys (cf. Figures 4D-4F ).
Surgery
Four monkeys received bilateral lateral prefrontal cortex (LPFC) removal using a combination of suction and electrocautery. All surgeries took place in a veterinary operating facility using aseptic procedures. Anesthesia was induced with ketamine hydrochloride (10 mg/kg, i.m.) and maintained using isoflurane gas (1.0%-3.0% to effect). Vital signs were monitored throughout. The intended LPFC lesion ( Figure 1C ) extended laterally from the dorsal midline to the orbital surface of the inferior convexity and extending to the lateral orbital sulcus. The rostral limit of the lesion was the frontal pole and the caudal limit was the caudal extent of the principal sulcus (''PS'' in Figure 1C ). The frontal eye fields and the banks of the arcuate sulci (''ARC'' in Figure 1C ) were intentionally spared. In total, the intended LPFC lesion included areas 9, 46, 45, 12, and dorsal area 10 (Walker, 1940) . Two monkeys had a single stage surgery whereas other two monkeys had two stages surgeries. A 2 week recovery period was allowed prior to postlesion behavioral testing.
Lesion Localization
Lesion size and location were assessed from T1-weighted magnetic resonance (MR) images scans. MR images were obtained on a 1.5-T General Electric Signa unit, using a 5 inch surface coil and a 3-dimensional volume spoiled grass pulse sequence. Slices were taken every 1 mm, with an in-plane resolution of 0.4 mm. Coronal slices from the MR images were matched to coronal plates in a stereotaxic rhesus monkey brain atlas. The extent of the visible lesion was then plotted on each plate (cf. Figures 1D-1F ) and subsequently reconstructed on the lateral view (cf. Figure 1C) .
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